Treatment of Staphylococcus aureus infections continues to be a challenge due to antimicrobial resistance. Endogenous antimicrobial peptides may offer a new option for treating S. aureus infections but several factors limit their clinical utility. Herein, we studied the activity of the antimicrobial peptide LL-37 and two truncated derivatives, LL-13 and LL-17 alone and in combination with vancomycin against a range of drug-resistant S. aureus strains including methicillin resistant S. aureus (MRSA) and vancomycin resistant S. aureus (VRSA) strains in vitro. When used with vancomycin, LL-13 and LL-17 displayed synergy against VRSA and showed the ability to restore sensitivity to vancomycin after pretreatment. In addition, LL-13 and LL-17 showed a strong ability to inhibit S. aureus biofilm production. LL-37 derivatives may be useful in treating infections that are resistant to vancomycin or in scenarios where biofilm formation is a concern.
Description
Staphylococcus aureus is an important clinical pathogen and is a leading cause of a wide range of infections including bacteremia, infective endocarditis, pneumonia and skin and soft tissue infections [1] . Methicillin resistant S. aureus (MRSA) infections account for 11,000 related deaths and $14.5 billion in health care costs per year in the USA [2] . Vancomycin is the standard of care for gram positive infections including those caused by MRSA, but its frequent use has led to the development of antimicrobial resistance. Treatment is further complicated by the ability of S. aureus to form biofilms which can alter immune response, decrease drug exposure and delay wound healing [3] . These issues highlight the need to develop alternative or adjunctive therapies for the treatment of S. aureus infections.
Antimicrobial peptides (AMPs) are a diverse class of naturally occurring molecules that are produced as a first line of defense by multicellular organisms. AMPs have broad activity to directly kill bacteria, yeasts, fungi, viruses, and cancer cells. Cathelicidins are amphipathic, cationic, AMPs found in humans and other species. Stored in neutrophils, they represent an important part of the innate immune defense. LL-37 is an AMP derived endogenously from the human cathelicidin hCAP18, and has been isolated from several sites including bone marrow, breast milk, salivary glands and the testes [4] . Prior studies have demonstrated that LL-37 exhibits a broad range of activity against gram positive and gram negative organisms and can drive chemotaxis of leukocytes in times of infection [5, 6] . LL-37 has been shown to act directly against pathogens through the disruption of cell membranes and inhibition of cell wall, nucleic acid, and protein biosynthesis [7] [8] [9] . Several studies have described LL-37's activity against S. aureus including preventing biofilm formation [10, 11] . However, a major translational limitation of LL-37 is its limited stability due to cleavage by endogenous enzymes found in the gut (trypsin, pepsin) pancreas (elastace) and serum (plasmin) [12, 13] . Further, enzymes secreted by organisms including S. aureus (aureolysin, V8 protease) have shown the ability to cleave LL-37 [14] . Moreover, LL-37 has been associated with non-specific cytotoxicities (e.g., leukocyte, T-cell, and red blood cell viability) [15, 16] .
Shorter-derivatives of LL-37 can overcome some of these limitations by improving stability, reducing toxicities, and lowering production costs. However, their activity against S. aureus remains unknown. The aim of this study was to assess the activity of these shorter-derivatives alone and in combination with vancomycin against methicillin susceptible S. aureus (MSSA), MRSA, vancomycin intermediate susceptible S. aureus (VISA) and vancomycin resistant S. aureus (VRSA) strains. Burton and Steel described the helical and amphipathic nature of LL-37 particularly between residues 12 and 29. Since these properties are integral to LL-37's ability to interact with cell membranes, derivatives encompassing residues from this region were selected for this study [17] .
Experiments were conducted against ATCC strains 25923 (MSSA), 43300 (MRSA) and 700699 (VISA) and BR-VRSA (VRSA) acquired from BEI resources (Manassas, VA). Vancomycin was acquired from Sigma-Aldrich (St. Louis, MO). The AMP LL-37 (LLGDFFRKSKE-KIGKEFKRIVQRIKDFLRNLVPRTES), and derivatives LL-13 (IGKEFKRIVQRIKDFLRNLVPRTES) and LL-17 (FKRIVQRIKDFLR) were synthesized by Anaspec (Fremont, CA). Purity was assessed using high performance liquid chromatography.
Minimum inhibitory concentrations (MICs) for vancomycin against the S. aureus isolates were performed in triplicate by broth microdilution as per Clinical and Laboratory Standards Institute guidelines [18] . MICs of AMPs were conducted using concentrations ranging from 0.25 to 1024 µg/mL. Serial 2-fold dilutions were performed in 96-well plates prior to adding inoculum. Plates were then incubated at 35°C for 24 h and MICs were determined by observing the lowest concentration that visually inhibited growth.
In addition, the ability of AMPs to resensitize VISA and VRSA to vancomycin was tested by exposing ATCC 700699 and BR-VRSA to LL-13 and LL-17 at ¼ X MIC for one hour before being added to broth containing 2-fold serial dilutions of vancomycin ranging from 0.125 to 256 µg/mL. Plates were then incubated at 35°C for 24 h and MICs were determined by observing the lowest concentration that visually inhibited growth.
The activity of AMPs used in combination with vancomycin was studied by checkerboard assays conducted in 96-well microtiter plates. Plates contained concentrations of vancomycin and a single AMP at multiples of their respective MICs. The fractional inhibitory concentration index (FICI), was estimated using the following equation: (MIC of drug A in combination)/(MIC of drug A alone) + (MIC of drug B in combination)/(MIC of drug B alone) at 24 h of incubation. Combinations were considered synergistic if the FICI was ≤0.5 and antagonistic if the FICI was >4. FICIs between 1 and 4 were classified as indifferent.
Inhibition of 24 h biofilms formed by ATCC 25923 (a known biofilm producer) was assessed by semiquantitative plate assays, as described by O'toole [19] . Biofilms were formed in 96-well microtiter plates in the presence of vancomycin and AMPs individually at ½ and ¼ X MIC. Biofilms were washed to prevent background staining by planktonic bacteria and stained using crystal violet. Biofilms were dried and remaining dye was solubilized with 30% acetic acid. After solubilizing, materials were transferred to a clear polystyrene plate and absorbance (OD 595 ) was measured using a BioTek plate reader (Winooski, VT).
Overall, the AMPs displayed weak activity against the 4 S. aureus strains when used alone (Table 1) . However, when LL-13 and LL-17 were used in combination with vancomycin, they displayed synergy against VRSA at concentrations equal to 1/8 X MIC. Further, after brief exposure of VRSA to a sub-inhibitory concentration of the peptide derivatives (128 µg/mL), the MIC of vancomycin dropped substantially. The vancomycin MIC was reduced by 128-fold from 512 µg/mL to 4 µg/mL after exposure to LL-13 and greater than 500-fold from 512 to 1 µg/mL after exposure to LL-17. Notably, vancomycin MICs fell within intermediate and susceptible ranges respectively after pretreatment. In addition, all three AMPs demonstrated the ability to inhibit S. aureus biofilm formation when used at concentrations equal to ¼ and ½ X MIC. LL-37 reduced biofilm formation 2-fold at 32 µg/mL (OD 595 reduced from 1.02 to 0.44) and 64 µg/mL (OD 595 reduced from 1.02 to 0.48) respectively. Further, at concentrations of 128 µg/mL and 256 µg/mL, LL-13 (OD 595 reduced from 1.04 to 0.00 and 0.02 respectively) and LL-17 (OD 595 reduced from 1.00 to 0.00 and 0.02, respectively) prevented biofilm formation almost entirely. This study compared the activities of two short chain derivatives, LL-13 and LL-17, of the AMP LL-37 in combination with vancomycin against S. aureus strains with varying degrees of resistance and assessed their ability to inhibit biofilm production. Both LL-13 and LL-17 displayed significant synergy when used in combination with vancomycin against VRSA. Further, a short pretreatment with LL-13 and LL-17 at sub-inhibitory concentrations displayed a substantial increase in vancomycin susceptibility against VRSA, and reduced the MIC to susceptible ranges. These results demonstrate LL-13 and LL-17's activity in potentiating vancomycin in S. aureus. While further studies must be performed to elucidate the mechanism of synergy, vancomycin has been shown to exhibit greater activity against S. aureus including VRSA when used in combination with agents that disrupt cell walls [20] . Mohamed et al. theorized that de novo membrane disrupting AMPs may display synergy with vancomycin through increased drug exposure at the cell's division septum where vancomycin exerts activity. In their study, permeabilization was demonstrated by leakage of calcein dye from preloaded cells. In cells treated with AMPs,~80% of calcein dye leaked from cells after one hour, whereas untreated cells did not leak dye. Further, when using bipody labeled vancomycin, fluorescence was increased at the septum after pretreatment with sub therapeutic concentrations of AMPs. In their study, the combination of AMPs and vancomycin displayed synergy (FICI = 0.27) against VRSA and pretreatment of VRSA with AMPs reduced vancomycin MICs 2-512 fold [20] . The increase in vancomycin susceptibility may support alternative treatment paradigms using AMPs to restore sensitivity to vancomycin in patients that have developed resistance.
Another major concern in treating S. aureus infections is the formation of biofilms. LL-13 and LL-17 displayed remarkable ability to inhibit biofilm production, and nearly prevented biofilm formation completely, whereas LL-37 reduced formation by half. While this study evaluated the ability of AMPs to prevent biofilm formation, other studies have demonstrated LL-37's potential to eradicate previously formed biofilms. Using a similar assay, Haisma et al. [11] demonstrated a four-fold reduction of biofilm formation by LL-37 at concentrations up to 32 µM. Further, the investigators demonstrated a concentration dependent degradation of established biofilms. Mature biofilms (24 h growth) were exposed to LL-37 for 4 h before assessing viable bacteria. In their study viable bacteria was reduced by~25% at concentrations above 12 µM. The short derivatives showed a distinct ability to prevent biofilm formation and together these studies suggest the potential of LL-37 derivatives in treating patients where biofilms may be present including skin and soft tissue infections, bone and joint infections, endocarditis, and device-related infections. Further studies assessing the eradication of formed biofilms should be further explored.
Overall, LL-17 and LL-13 displayed synergistic activity against multidrug-resistant S. aureus strains, reversing VRSA MICs into susceptible ranges, and demonstrated the ability to prevent biofilm production. These agents show potential for treating S. aureus infections when vancomycin resistance and biofilm production are concerns.
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